Summary: Alterations of the second-messenger systems, adenylate cyclase (AC) and protein kinase C (PKC), and local cerebral blood flow (lCBF) were evaluated during experimental cerebral ischemia in gerbils employing a quantitative autoradiographic method, which permitted these three parameters to be measured in the same brain.
Ischemia was induced by occlusion of the right common carotid artery for 6 h. Animals attaining more than 5 in their ischemic scores were utilized for further experi ments. At the end of ischemia, ICBF was measured by the (Globus et aI., 1988; Slivka et aI., 1988; Hill ered et aI., 1989) or noradrenaline (N A) (Globus et aI., 1989 ) from ischemic neurons was demonstrated during the early phase of cerebral ischemia by a microdialysis technique. Similarly, the release of excitatory amino acids such as glutamate has also been suggested to play a major role in mediating ischemic cell injury (Benveniste et aI., 1984; Globus et aI., 1988; Shimada et aI., 1989) . These observa tions indicate that eventual neuronal death in isch emia may be crucially determined by metabolic de--------------lCBF fell below 10 mi/IOO g/min in most cerebral regions on the ligated side. The greatest reduction in FK binding was noted in the olfactory tubercle, caudate-putamen, and globus pallidus, followed by the hippocampus and cerebral cortices. The FK binding tended to be low at lCBF < 20 milIOO g/min in the cerebral cortices. How ever, the PDBu binding was relatively well preserved in each cerebral structure, and no significant correlation be tween lCBF and PDBu binding was noted in the cerebral cortices. The AC system may thus be vulnerable to isch emic insult over extensive brain regions, while the PKC system may be relatively resistant to ischemia. Key Words: Second messenger-Adenylate cyclase-Protein kinase C-Cerebral ischemia-Gerbil.
rangements of a number of neurotransmitters and neuromodulators.
The biological actions of these substances are ex clusively mediated via receptor-linked second messenger systems (Worley et aI., 1987) . One of the well-known second-messenger systems is adenylate cyclase, which catalyzes the receptor-mediated generation of cyclic adenosine monophosphate (cAMP), resulting in the activation of specific phos phorylating enzymes. Similarly, biochemical and electrophysiological investigations have suggested that protein kinase C (PKC) in the phosphoinositide system regulates the amounts of neurotransmitters released by nerve cells as well as the intracellular ion concentrations (Kaczmarek, 1987) . Recently, we demonstrated a distinct regional distribution of adenylate cyclase and PKC in the normal gerbil brain by means of a quantitative autoradiographic method (Tanaka et aI., 1988) .
Several brain regions possessing individually spe
cific neuronal networks have long been known to exhibit selective vulnerability to ischemia (Pulsi nelli, 1985) . Such selective vulnerability may be ex plained on the basis of interactions of the above-mentioned neurotransmitters and neuromodulators. Regional derangement of the second-messenger systems may thus be tightly linked with the patho genetic mechanism of ischemic brain damage. In deed, several authors have reported ischemia induced alterations of the phosphoinositide system, including PKC activity (Ikeda et aI., 1986; Louis et aI. , 1988) as well as adenylate cyclase (AC) activity (Christie-Pope et aI., 1985) in the brain. N everthe less, the local changes in the second-messenger sys tems associated with changes in the local cerebral blood flow (lCBF) still remain unknown, since most previous studies analyzed homogenized brain tissue taken from large areas of the brain without measur ing the ICBF. The present study was therefore un dertaken to evaluate locally the alterations of the second-messenger systems together with the changes of ICBF in experimental cerebral ischemia in gerbils employing a quantitative autoradiographic method developed in our laboratory. eHlForskolin (FK) and eH]phorbol-12,13-dibutyrate (PDBu) were used to measure the distribution of AC and PKC, respectively (Tanaka et aI., 1988) .
MATERIALS AND METHODS

Animal preparation
Twenty-seven Mongolian gerbils of either sex weighing 70-90 g were used. In 20 animals, the right common ca rotid artery was doubly ligated with silk thread through a midline, anterior cervical incision under light anesthesia with 1.5% halothane in order to induce 6-h cerebral isch emia. Following the ligation, the skin was sutured with silk thread, and the halothane was discontinued. At 60 min after the ligation, the animals were evaluated for a decrease in their alertness and movements, weakness, ptosis, cocked head, circling behavior, limb splaying or rotation, seizures, and malaise as manifested by piloerec tion and tremor (McGraw, 1977) . Each sign was assigned a numerical weight to calculate the stroke index (Mc Graw, 1977) , and eight animals that scored more than 5 for the stroke index (SI) were subjected to further study as the ischemia group (SI = 15.8 ± 5.1). In another seven animals, which formed the sham group, the right common carotid artery was only exposed through a midline, ante rior cervical incision under light anesthesia with 1.5% halothane. The skin was then sutured with silk thread, and the halothane was discontinued. In both groups, at 70 min after the ligation or sham operation, polyethylene catheters (Clay-Adams PElO, Becton and Dickinson, Par sippany, NJ, U.S.A.) were inserted into the femoral ar tery and vein under light anesthesia with pentobarbital sodium (20 mg/kg, i.p.). Following such surgical prepara tion, the gerbils were immobilized with a plaster cast on a board. The arterial blood pressure, Pa02, PaC02, and pH were monitored intermittently with a 168 pHlBlood Gas Analyzer (Corning Medical, Medfield, MA, U.S.A.) to insure that the animals used were in a normal physiolog ical state.
Measurement of local cerebral blood flow
After 6 h after the ligation or sham surgery, the lCBF was determined by the iodoantipyrine method (Sakurada A.) dissolved in 0.5 ml of saline was infused at a constant speed via the venous catheter for a period of 1 min. Simultaneously, blood samples (10 f.Ll) were taken from the arterial catheter every 3-5 s into capillary pi pettes. At the end of the infusion period, the animals were killed by decapitation, and their brains were quickly re moved and frozen by immersion in liquid Freon 22 (Asahi Glass, Tokyo, Japan). The frozen brains were placed in plastic bags, and stored at -80°C until being sectioned as described below. Each timed arterial blood sample was placed on a filter paper and dried for 24 h. It was then eluted for 24 h in 1 ml of water and 9 ml of liquid scintil lation cocktail (ACS II, Amersham, Arlington Heights, IL, U.S.A.). The radioactivity was determined using a liquid scintillation counter (LS 9800, Beckman Instru ments, Fullerton, CA, U.S.A.) with external standardiza tion. Correction for the lag in blood sampling, as well as for distortion of the blood radioactivity curve due to the effect of mixing within the catheter, was incorporated into the calculations of the blood radioactivity time course (Jay et aI., 1988) .
The frozen brain was mounted on a tissue holder with chilled embedding medium (Tissue-Tek II, Miles Labora tories, Naperville, IL, U.S.A.) and cut into sections of 20 f.Lm in thickness in a cryostat (Histostat Model 975c, AO Scientific Instruments, Buffalo, NY, U.S.A.). Triple sets of six sections each at predetermined levels (the frontal cortex, caudate-putamen, globus pallidus, thalamus, sub stantia nigra, and cerebellum) from each animal were uti lized for autoradiographic measurement of the ICBF and for labeling procedures with FK and PDBu, respectively. In addition, two sections each at the above levels were stained with thionine for anatomical identification and histological examination by light microscopy.
The sections assigned for measurement of the ICBF were thaw-mounted on gelatin-chrome alum-coated mi croscope slides and dried on a hot plate (60°C). The dried sections were then placed on x-ray film (SB-5, Eastman Kodak, Rochester, NY, U.S.A.) together with calibrated 14C-embedded methylmethacrylate standards (A mer sham, Arlington Heights, IL, U.S.A.) for 10 days. Quan titative densitometric analysis of the resultant autoradio grams was performed with the computerized digital image processing system developed in our laboratory as de scribed previously (Tanaka et aI., 1988 ).
Measurement of [ 3 H]forskolin binding
The cut brain sections assigned for measurement of the FK binding were labeled with 10 nM [3H]FK (specific activity = 40.0 Ci/mmol; NEN Research ProductslDu Pont, Wilmington, DE, U.S.A.) as described previously (Tanaka et aI., 1988) except for duplicate preincubations. In a separate study (Takashima et aI., 1990) , we had con firmed that P4C]IAP could be completely washed out from the brain tissue when the sections were preincu bated for 5 min at 22°C twice in a solution of 50 mM Tris HCl (pH 7.7), 100 mM NaCl, 5 mM MgCI2, and 10 mM N aF, since lAP is a highly diffusible substance (Sakurada et aI., 1978) . No radioactivity was detected in the brain section on 3H-sensitive film (Ultrofilm, LKB-Producter, Bromma, Sweden) after washout of [14C]IAP. Autoradio grams were generated by apposing the slides that were labeled with [3H]FK onto Ultrofilm with calibrated 3H_ embedded polymer standards for 4 weeks at 4°C. The resultant autoradiograms were analyzed using the image processing system described above. The nonspecific binding was determined in a parallel incubation in the presence of 10 jLM unlabeled FK, and each data point presented in this report is the specific binding being ob tained by subtracting the value for the nonspecific binding from that for the total binding.
Measurement of [ 3 H]phorbol-12,13-dibutyrate binding
The cut brain sections assigned for measurement of the PDBu binding were labeled with 2.5 nM eH]PDBu (spe cific activity = 15.8 Ci/mmol; NEN Research Products/ Du Pont, Wilmington, DE, U.S.A.) as described previ ously (Tanaka et aI., 1988) except for duplicate preincu bations. As in the case of the [3H]FK binding, we had already confirmed that [14C]IAP could be completely washed out from the brain tissue when the sections were pre incubated for 5 min at 22°C twice in a solution of 50 mM Tris HCl (pH 7.7), 100 mM NaCI, and I mM CaCI2• Autoradiograms were generated by apposing the slides onto Ultrofilm for I week at 4°C, and were analyzed as described above. As in the case of [3H]FK binding, the nonspecific binding was determined in a parallel incuba tion in the presence of 2.5 jLM unlabeled PDBu, and each data point presented in this report is the specific binding.
Data analysis
The data were tested using analysis of variance. When this procedure indicated a significant difference, the t test with the Bonferroni correction was performed for simul taneous mUltiple comparisons (Wallenstein et aI., 1980) . Values are presented as means ± SD.
RESULTS
Physiological data
The physiological data including the mean arterial blood pressure (MABP), Pa02, PaC02, and pH measured at 6 h after ligation or sham operation are summarized in Table I . There were no noticeable differences in any of the parameters between the two groups.
Histopathological study
The area of ischemia was characterized by a pal lor of staining that involved the cerebral cortices, basal ganglia, and hippocampus on the occlusion side in the ischemia group. At higher magnification, however, no apparent loss of neurons was noted in any of the regions. In contrast, sham-operated ani mals revealed an evenly stained cortical ribbon and paler staining of the white matter.
Local cerebral blood flow
Ischemic hemisphere. Representative color coded autoradiograms of lCBF images obtained from the ischemia group (upper images) and sham group (lower images) are shown in Fig. I at the levels of the caudate-putamen and hippocampus. Complete deprivation of lCBF was noted in the right hemisphere of the animals in the ischemia group except for a very low residual flow in the midline structures (medial nuclei of the thalamus, etc.).
The results for the lCBF measurements in the right cerebral and cerebellar hemispheres of both the ischemia and sham groups are summarized in Table 2 . Each region in the right cerebral hemi sphere of the ischemia group exhibited a markedly reduced lCBF value, which was significantly lower (p < 0.0 1 or 0.05) than that of the sham group. The anterior cerebral cortices including the frontal and frontoparietal cortices, and the deep structures in cluding the caudate-putamen, globus pallidus, lat eral nuclei of the thalamus, and hippocampus (CAl and CA3 regions), had lCBF values that amounted to less than 5% of those in the sham group. The lCBF values for the accumbens nucleus and olfac tory tubercle in the ischemia group were 13-15% of those in the sham group. On the other hand, the substantia nigra and medial nuclei of the thalamus in the ischemia group displayed less severe isch emia, with ICBF values amounting to 34-52% of those in the sham group. The cerebellar hemi spheres (molecular and granular layers) in the isch emia group revealed mild reduction in their ICBF values (78-80% of those in the sham group), but the difference was not statistically significant.
Nonischemic hemisphere. The results for the lCBF measurements in the left cerebral and cere bellar hemispheres of both the ischemia and sham groups are summarized in Table 3 . Each cerebral region in the ischemia group exhibited a moderate reduction in lCBF. However, the deep structures near the right hemisphere such as the accumbens nucleus, olfactory tubercle and globus paUidus in the ischemia group showed a relatively large reduc tion in lCBF (27-48% of the sham group). The lCBF of the cerebellar cortices in the ischemia group was mildly decreased, amounting to 73-81% of the cor responding values in the sham group. Values are the means ± SD. S: sham group (n = 7), I: ischemia group (n = 8).
Significant differences from the sham group: *p < 0.05; **p < 0.01. Fig. 2 , which were obtained from the same animals as those in Fig. I . Compared to the ICBF images in Fig. I , the ischemic hemisphere demonstrated a marked reduction in FK binding, especially in the caudate-putamen, accumbens nu cleus, olfactory tubercle, and CA3 region of the hip pocampus.
The results for the FK binding in the right cerebral and cerebellar hemispheres of both the isch emia and sham groups are summarized in Table 2 . The ischemia group exhibited a moderate, but sta tistically significant, reduction in FK binding over the whole structure of the cerebral hemisphere ex cept for the thalamus. The reduction in FK binding was most severe in the olfactory tubercle, globus pallidus, and caudate-putamen, where the binding values were 40--4 3% of those in the sham group. The accumbens nucleus, cerebral cortices, and hip pocampus (CAl and CA3 regions and dentate gyrus) Values are the means ± SD. S: sham group (n = 7), I: ischemia group (n = 8).
Significant differences from the sham group: 'p < 0.05; "p < 0.01. in the ischemia group had FK binding values of 58-77% of those in the sham group. The thalamus, substantia nigra, and cerebellar hemisphere did not reveal significant changes in the ischemia group. Nonischemic hemisphere. The results for the FK binding in the left cerebral and cerebellar hemi spheres of both the ischemia and sham groups are summarized in Table 3 . There were no significant differences between the groups in any region.
Ischemic hemisphere. Representative color coded autoradiograms of the [3H]PDBu binding are shown in Fig. 3 , which were obtained from the same animals as those in Figs. 1 and 2 . In contrast to the FK binding (Fig. 2) , no definite differences in PDBu binding were noted between both hemispheres.
The results for the PDBu binding in the right ce rebral and cerebellar hemispheres of both the isch-emia and sham groups are summarized in Table 2 . In contrast to the FK binding, the PDBu binding was somewhat preserved in the ischemia group, and statistically significant reductions in PDBu binding were noted in only five regions (the caudate putamen, olfactory tubercle, globus pallidus, lateral nuclei of the thalamus, and CA3 region of the hip pocampus). Even in the lateral nuclei of the thala mus and the globus pallidus, where the most signif icant decline in PDBu binding was observed, the values of the PDBu binding were 73 and 74% of those in the sham group, respectively. Other brain regions including the cerebral and cerebellar corti ces and the hippocampus in the ischemia group ex hibited values of PDBu binding that amounted to more than 80% of those in the sham group.
Nonischemic hemisphere. The results for the PDBu binding in the left cerebral and cerebellar hemispheres of both the ischemia and sham groups are summarized in Table 3 . Only the CA3 region of the hippocampus in the ischemia group revealed a statistically significant decrease in PDBu binding.
Correlation between ICBF and FK binding in the cerebral cortices Figure 4 shows the relationship between the val ues of ICBF and the FK binding in the cerebral cortices of the animals in the ischemia group. The closed circles represent data from the ischemic hemisphere, while the open circles represent data from the nonischemic hemisphere. Although diver sity of the FK binding values was noted, they tended to be low when ICBF was less than 20 ml/lOO g/min. Nonlinear regression analysis revealed that the data can be fitted to an exponential function, i.e., FK binding (fmol/mg) = 39. 7 + 42. 0 x {I -exp[ -0.036 x ICBF (ml/l00 g/min)]).
Correlation between ICBF and PDBu binding in the cerebral cortices
In contrast to the FK binding, no apparent reduc tion in PDBu binding was observed in the cerebral cortices even under severe ischemia, and no obvi ous correlation between ICBF and PDBu binding was noted.
DISCUSSION
The present study is the first autoradiographic demonstration of the second-messenger activities and ICBF in the same brains in a unilateral ischemia model in the gerbil. One of the major findings was that severe unilateral cerebral ischemia for 6 h was accompanied by a significant reduction in FK bind ing in the cerebral cortices as well as in the cerebral deep structures on the ischemic side, while the PDBu binding was relatively well preserved in these regions.
Autoradiographic methods permitted us to mea sure ICBF only once at the end of 6 h of ischemia. However. it seems rational to utilize this ICBF value for estimating the extent of ischemia during carotid occlusion, since rather stable reduction in CBF was noted in the occluded hemisphere in the same ischemia model as that employed in the present study (Ishihara, 1984) .
Autoradiographic analysis of FK binding is con sidered to demonstrate primarily the activated form of adenylate cyclase which is coupled with the a-subunit of stimulatory guanine nucleotide-binding protein (Gs a subunit protein) (Nelson and Seamon, 1988; Tanaka et aI., 1988) . Several putative and es tablished neurotransmitter receptors exert their physiological effects by stimulating adenylate cy clase: these include 131-and 132-adrenergic, dopa mine D1, serotonergic, adenosine A2, vasoactive in testinal polypeptide (VIP), and prostaglandin (PGI2 and PGE2) receptors (Schramm and Selinger, 1984) . Thus, the eHlFK binding basically correlates with the activated functional state of the AC system pro voked by the above-mentioned neurotransmitters or modulators.
Phorbol esters such as PDBu selectively bind to PKC, which is a major constituent of the phospho inositide system (Nishizuka, 1984) . The neurotrans mitters that activate the phosphoinositide system include acetylcholine at either MI or M2 muscarinic receptors, serotonin at 5-HT2 receptors, NA at aI-receptors, and excitatory amino acids (Patel et aI., 1990) . Under stimulated conditions, PKC trans locates from the cytosol to the plasma membrane and becomes activated (Abdel-Latif, 1986) . PDBu has been suggested to bind exclusively to mem brane-bound PKC (Dunphy et aI. , 198 1) , indicating that the autoradiographic eH]PDBu binding re flects primarily the activated PKC.
A significant reduction of FK binding in contrast to a relatively spared PDBu binding in the ischemic brain suggests that the AC system is more vulner able to ischemia than is the PKC system. An earlier preliminary study (Schwartz et aI. , 1976) revealed that the basal AC activity in homogenized prepara tions of the gerbil cerebral cortex remained con stant during up to 6 h of unilateral ischemia. Re cently, however, Christie-Pope et al. (1985) found by using an in vitro assay technique that the basal activity of AC was depressed in the hippocampus, striatum, and olfactory tubercle on the occluded side in the same gerbil ischemia model as that em ployed in the present study. Such attenuation of the enzyme activity, which amounted to less than 60% of the corresponding value in the sham-operated an imals, appeared to be consistent with the results of the present study.
On the other hand, activation of PKC was re ported to occur during the very early phase (up to 5 min) of global cerebral ischemia in the fetal rat brain (Louis et aI. , 1988) . However, a decrease in the PKC activity was observed when ischemia per sisted for a longer period (15-30 min) (Louis et aI. , 1988) . Similarly, a reduced PKC activity (36% of control) was found in the lumbar spinal cord sub jected to ischemia for 1 h in the rabbit (Kochhar et aI. , 1989) . However, alterations of the PKC activity have not been reported previously in a permanent ischemia model of the gerbil.
The decrease in FK binding observed by us may be related to any of the following three mecha nisms: diminished synthesis of constituents of the AC system, enhanced breakdown of these constit uents, and suppression of the transmitter release that normally activates the AC. In gerbils with uni lateral carotid artery occlusion, almost complete suppression of protein synthesis was reported to take place in various brain regions when the ICBF fell below 40 mllIOO g/min (Xie et aI. , 1989) . This relationship between ICBF and protein synthesis appears to be consistent with that between ICBF and FK binding observed in the present study (Fig.  4) . From the morphological standpoint, severe isch emia for 6 h in the gerbil is known to produce ap parent structural changes such as pyknotic neurons with vacuolization in the neuropil (Yanagihara, 1978) , which appear to be compatible with our his tological observation. However, these general alter ations in protein synthesis and morphology alone may not explain the entire changes in FK binding observed in the present study, since the PDBu bind ing was relatively preserved with no definite corre lation with lCBF.
The striatum, a region highly vulnerable to isch emia, is richly innervated both by the corticostriatal glutamatergic and by the nigrostriatal dopaminergic projections, and shows the highest FK binding in the brain (Tanaka et aI. , 1988) . Globus et al. (1988) reported a dramatic increase in extracellular DA concentration accompanied by a relatively smaller increase in extracellular glutamate and GABA con centrations in the striatum during 20 min of cerebral ischemia. Such an increase in the extracellular DA concentration, however, tended to decline gradu ally as ischemia continued (Slivka et aI., 1988) . These findings suggest that an initially enhanced re lease of DA from the nerve terminals is followed by its progressive suppression, due probably to a de pletion of the DA store in the synaptic terminals. Indeed, after 24 h of ischemia, the ischemic cerebral hemisphere of the gerbil exhibited a marked reduc tion in both its DA and NA contents (Lavyne et aI., 1975) , suggesting that depletion of these transmit ters does take place within the brain during the late phase of cerebral ischemia. These biochemical events are apparently consistent with the marked decrease in FK binding observed in our experi ments. In contrast to the vulnerability of the ami nergic systems to ischemia, it has been suggested that striatal cholinergic neurons may be relatively resistant to ischemia based on the measurements of the choline acetyltransferase activity (Francis and Pulsinelli, 1982) . This property of the cholinergic neurons seems to be compatible with the smaller reduction in PDBu binding in the striatum than that of FK binding.
In the hippocampus, a microdialysis technique demonstrated a massive release of excitatory amino acids such as glutamate and aspartate (Benveniste et aI., 1984) and NA (Globus et aI., 1989) from the nerve terminals during transient (10-20 min) cere bral ischemia. However, depletion of these chemi cal substances at the nerve terminals can be ex pected to ensue at the later stage of ischemia, since a significant reduction in monoamine content in cluding NA was reported in the hippocampus after 1 h of ischemia (Matsumoto et aI. , 1984) . Although FK binding may not solely represent the AC activ ity (Onodera and Kogure, 1989) , our findings of re duced FK and PDBu binding in the hippocampus indicate that signal transduction via AC or phos phoinositide systems may be suppressed, at least partially, at 6 h of ischemia in this region. Never theless, further detailed investigations are clearly needed to clarify the precise mechanisms of such alterations in binding.
In the nonischemic cerebral hemisphere in the present study, the lCBF was moderately reduced, but FK and PDBu binding did not reveal any sig nificant changes as observed on the ischemic side. These findings suggest that the signal transduction in the contralateral cerebral hemisphere may not be influenced significantly in the face of 6-h unilateral cerebral ischemia.
In summary, the present study examined the al terations in the second-messenger systems at 6 h after the onset of cerebral ischemia. We found that the AC system may be vulnerable to ischemic insult over extensive brain regions, while the PKC system may be relatively resistant to ischemia. The time course of the changes in the second-messenger sys tems in cerebral ischemia, especially focused on the early phase, are currently under investigation.
